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xixi

Preface

In keeping with our focus on space for covers for our book, we have 
chosen the NASA Voyager spacecraft for the sixth edition. The reason 
for this is that like any spacecraft there are many circuits that play criti -
cal roles in their functionality. The beginning of the Voyager 1 and 2 
odyssey began on August 20, 1977, for Voyager 2 and on September 5, 
1977, for Voyager 1. Both were launched from NASA’s Kennedy Space 
Center in Florida. The Voyager 1 was launched on a faster orbit so it 
eventually became the first man-made object to leave our solar system. 
There is some debate over whether it has actually left the solar system, 
but it certainly will at some point in time. Voyager 2 and two Pioneer 
spacecraft will also leave the solar system at some point in time.

Voyager 1 is still functioning and sending back data, a truly signifi-
cant achievement for NASA engineers. The design processes that make 
the Voyager operate so reliably are based on the fundamentals discussed 
in this textbook. Finally, space is vast so that Voyager 1 will fly past 
other solar systems; the odds of actually coming into contact with some-
thing are so remote that it may virtually fly through the universe forever! 
For more about Voyager 1, go to NASA’s website: www.nasa.gov/. 

Features
New to This Edition

We have added learning objectives to each chapter to reflect what we 
believe are the most important items to learn from each chapter. These  
should help you focus more carefully on what you should be learning.

There are more than 580 revised end-of-chapter problems, new end-
of-chapter problems, and revised practice problems. We continue to try and 
make our problems as practical as possible.

In addition, we have improved Connect for this edition by increasing 
the number of problems available substantially. Now, professors may select 
from more than a thousand problems as they build thier online homework 
assignments. 

We have also built SmartBook for this edition. With SmartBook, stu -
dents get the same text as the print version, along with personalized tips on 
what to study next, thanks to SmartBook’s adaptive technology.

Retained from Previous Editions

A course in circuit analysis is perhaps the first exposure students have 
to electrical engineering. This is also a place where we can enhance  
some of the skills that they will later need as they learn how to design. 
An important part of this book is our 121 design a problem problems. 
These problems were developed to enhance skills that are an impor -
tant part of the design process. We know it is not possible to fully de-
velop a student’s design skills in a fundamental course like circuits. 
To fully develop design skills a student needs a design experience 
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normally reserved for their senior year. This does not mean that some 
of those skills cannot be developed and exercised in a circuits course. 
The text already included open-ended questions that help students  
use creativity, which is an important part of learning how to design. 
We already have some questions that are open-ended but we desired 
to add much more into our text in this important area and have devel-
oped an approach to do just that. When we develop problems for the  
student to solve our goal is that in solving the problem the student  
learns more about the theory and the problem solving process. Why 
not have the students design problems like we do? That is exactly 
what we do in each chapter. Within the normal problem set, we have 
a set of problems where we ask the student to design a problem to 
help other students better understand an important concept. This has  
two very important results. The first will be a better understanding of 
the basic theory and the second will be the enhancement of some of  
the student’s basic design skills. We are making effective use of the  
principle of learning by teaching. Essentially we all learn better when 
we teach a subject. Designing effective problems is a key part of  
the teaching process. Students should also be encouraged to develop 
problems, when appropriate, which have nice numbers and do not  
necessarily overemphasize complicated mathematical manipulations.
 A very important advantage to our textbook, we have a total of 2,481 
Examples, Practice Problems, Review Questions, and End-of-Chapter 
Problems! Answers are provided for all practice problems and the odd 
numbered end-of-chapter problems.
 The main objective of the sixth edition of this book remains the 
same as the previous editions—to present circuit analysis in a manner 
that is clearer, more interesting, and easier to understand than other cir -
cuit textbooks, and to assist the student in beginning to see the “fun” in 
engineering. This objective is achieved in the following ways:

 • Chapter Openers and Summaries
Each chapter opens with a discussion about how to enhance skills  
which contribute to successful problem solving as well as success -
ful careers or a career-oriented talk on a subdiscipline of electrical  
engineering. This is followed by an introduction that links the chap-
ter with the previous chapters and states the chapter objectives. The  
chapter ends with a summary of key points and formulas.

 • Problem-Solving Methodology
Chapter 1 introduces a six-step method for solving circuit problems 
which is used consistently throughout the book and media supple -
ments to promote best-practice problem-solving procedures.

 • Student-Friendly Writing Style
All principles are presented in a lucid, logical, step-by-step man -
ner. As much as possible, we avoid wordiness and giving too much 
detail that could hide concepts and impede overall understanding of 
the material.

 • Boxed Formulas and Key Terms
Important formulas are boxed as a means of helping students sort 
out what is essential from what is not. Also, to ensure that students 
clearly understand the key elements of the subject matter, key terms 
are defined and highlighted.
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 • Margin Notes
Marginal notes are used as a pedagogical aid. They serve multiple 
uses such as hints, cross-references, more exposition, warnings, 
 reminders not to make some particular common mistakes, and prob-
lem-solving insights.

 • Worked Examples
Thoroughly worked examples are liberally given at the end of ev -
ery section. The examples are regarded as a part of the text and are 
clearly explained without asking the reader to fill in missing steps. 
Thoroughly worked examples give students a good understanding 
of the solution process and the confidence to solve problems them-
selves. Some of the problems are solved in two or three different 
ways to facilitate a substantial comprehension of the subject mate -
rial as well as a comparison of different approaches.

 • Practice Problems
To give students practice opportunity, each illustrative example is 
immediately followed by a practice problem with the answer. The 
student can follow the example step-by-step to aid in the solution of 
the practice problem without flipping pages or looking at the end of 
the book for answers. The practice problem is also intended to test a 
student’s understanding of the preceding example. It will reinforce 
their grasp of the material before the student can move on to the 
next section. Complete solutions to the practice problems are avail-
able to students on the website.

 • Application Sections
The last section in each chapter is devoted to practical application 
aspects of the concepts covered in the chapter. The material covered 
in the chapter is applied to at least one or two practical problems 
or devices. This helps students see how the concepts are applied to 
real-life situations.

 • Review Questions
Ten review questions in the form of multiple-choice objective items 
are provided at the end of each chapter with answers. The review 
questions are intended to cover the little “tricks” that the examples 
and end-of-chapter problems may not cover. They serve as a self 
test device and help students determine how well they have mas -
tered the chapter.

 • Computer Tools
In recognition of the requirements by ABET ® on integrating 
 computer tools, the use of PSpice, Multisim, MATLAB, KCIDE  for 
Circuits, and developing design skills are encouraged in a student-  
friendly manner. PSpice is covered early on in the text so that stu -
dents can become familiar and use it throughout the text. Tutorials 
on all of these are available on Connect. MATLAB is also introduced 
early in the book.

 • Design a Problem Problems
Finally, design a problem problems are meant to help the student de-
velop skills that will be needed in the design process.

 • Historical Tidbits
Historical sketches throughout the text provide profiles of important 
pioneers and events relevant to the study of electrical  engineering.
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 • Early Op Amp Discussion
  The operational amplifier (op amp) as a basic element is introduced 

early in the text.

 • Fourier and Laplace Transforms Coverage
  To ease the transition between the circuit course and signals and 

systems courses, Fourier and Laplace transforms are covered lu -
cidly and thoroughly. The chapters are developed in a manner that 
the interested instructor can go from solutions of first-order circuits 
to Chapter 15. This then allows a very natural progression from 
 Laplace to Fourier to AC.

 • Four-Color Art Program
  An interior design and four-color art program bring circuit drawings 

to life and enhance key pedagogical elements throughout the text.

 • Extended Examples
  Examples worked in detail according to the six-step problem solv -

ing method provide a road map for students to solve problems in a 
consistent fashion. At least one example in each chapter is devel -
oped in this manner.

 • EC 2000 Chapter Openers
  Based on ABET’s skill-based CRITERION 3, these chapter openers 

are devoted to discussions as to how students can acquire the skills 
that will lead to a significantly enhanced career as an engineer. Be-
cause these skills are so very important to the student while still in 
college as well after graduation, we use the heading, “Enhancing 
your Skills and your Career.”

 • Homework Problems
  There are 580 new or revised end-of-chapter problems and changed 

practice problems which will provide students with plenty of practice 
as well as reinforce key  concepts.

 • Homework Problem Icons
  Icons are used to highlight problems that relate to engineering de -

sign as well as problems that can be solved using PSpice, Multisim, 
KCIDE, or MATLAB.

Organization
This book was written for a two-semester or three-quarter course in 
linear circuit analysis. The book may also be used for a one-semester 
course by a proper selection of chapters and sections by the instructor. It 
is broadly divided into three parts.

 • Part 1, consisting of Chapters 1 to 8, is devoted to dc circuits. It 
covers the fundamental laws and theorems, circuits techniques, and 
passive and active elements.

 • Part 2, which contains Chapter 9 to 14, deals with ac circuits. It 
introduces phasors, sinusoidal steady-state analysis, ac power, rms 
values, three-phase systems, and frequency response.

 • Part 3, consisting of Chapters 15 to 19, are devoted to advanced 
techniques for network analysis. It provides students with a solid 
introduction to the Laplace transform, Fourier series, Fourier trans-
form, and two-port network analysis.
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The material in the three parts is more than sufficient for a two-semester 
course, so the instructor must select which chapters or sections to cover. 
Sections marked with the dagger sign (†) may be skipped, explained 
briefly, or assigned as homework. They can be omitted without loss of 
continuity. Each chapter has plenty of problems grouped according to the 
sections of the related material and diverse enough that the instructor can 
choose some as examples and assign some as homework. As stated ear -
lier, we are using three icons with this edition. We are using  to de-
note problems that either require PSpice in the  solution process, where 
the circuit complexity is such that PSpice or Multisim would make the 
solution process easier, and where PSpice or Multisim makes a good 
check to see if the problem has been solved correctly. We are using 
to denote problems where MATLAB is required in the solution process, 
where MATLAB makes sense because of the problem makeup and its 
complexity, and where MATLAB makes a good check to see if the prob-
lem has been solved correctly. Finally, we use  to identify problems 
that help the student develop skills that are needed for engineering 
 design. More difficult problems are marked with an asterisk (*).
 Comprehensive problems follow the end-of-chapter problems. They 
are mostly applications problems that require skills learned from that 
 particular chapter.

Prerequisites
As with most introductory circuit courses, the main prerequisites, for a 
course using this textbook, are physics and calculus. Although familiar -
ity with complex numbers is helpful in the later part of the book, it is not 
required. A very important asset of this text is that ALL the mathemati -
cal equations and fundamentals of physics needed by the student, are 
included in the text.
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Supplements
Instructor and Student Resources 

Available on Connect are a number of additional instructor and student 
resources to accompany the text. These include complete solutions for 
all practice and end-of-chapter problems, solutions in PSpice and Mul-
tisim problems, lecture PowerPoints®, and  text image files. In addition, 
instructors can use COSMOS, a complete online solutions manual or-
ganization system to create custom homework, quizzes, and tests using 
end-of-chapter problems from the text.

Knowledge Capturing Integrated Design  
Environment for Circuits (KCIDE for Circuits)

This software, developed at Cleveland State University and funded by 
NASA, is designed to help the student work through a circuits problem 
in an organized manner using the six-step problem-solving methodology 
in the text. KCIDE for Circuits allows students to work a circuit problem 
in PSpice and MATLAB, track the evolution of their solution, and save a  
record of their process for future reference. In addition, the software auto-
matically generates a Word document and/or a PowerPoint presentation. 
The software package can be downloaded for free.
 It is hoped that the book and supplemental materials supply the in -
structor with all the pedagogical tools necessary to effectively present 
the material.

McGraw-Hill Create®

Craft your teaching resources to match the way you teach! With McGraw-
Hill Create, http://create.mheducation.com, you can easily rearrange chap-
ters, combine material from other content sources, and quickly  upload 
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content you have written like your course syllabus or teaching notes. Find 
the content you need in Create by searching through thousands of lead -
ing McGraw-Hill textbooks. Arrange your book to fit your teaching style. 
Create even allows you to personalize your book’s appearance by select -
ing the cover and adding your name, school, and course information. Or -
der a Create book and you’ll receive a complimentary print review copy 
in three to five business days or a complimentary electronic review copy 
(eComp) via e-mail in minutes. Go to http://create.mheducation.com to-
day and register to experience how McGraw-Hill Create empowers you to 
teach your students your way.
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McGraw-Hill Connect®   

Learn Without Limits
Connect is a teaching and learning platform 
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Basic Concepts
Some books are to be tasted, others to be swallowed, and some few to be 
chewed and digested.

—Francis Bacon

c h a p t e r

1
Enhancing Your Skills and Your Career

ABET EC 2000 criteria (3.a), “an ability to apply knowledge 
of mathematics, science, and engineering.”
As students, you are required to study mathematics, science, and engi -
neering with the purpose of being able to apply that kno wledge to the 
solution of engineering problems. The skill here is the ability to apply 
the fundamentals of these areas in the solution of a problem. So how do 
you develop and enhance this skill?

The best approach is to w ork as man y problems as possible in all 
of your courses. However, if you are really going to be successful with 
this, you must spend time analyzing where and when and why you have 
difficulty in easily arriving at successful solutions. You may be surprised 
to learn that most of your problem-solving problems are with mathemat-
ics rather than your understanding of theory . You may also learn that 
you start working the problem too soon. Taking time to think about the 
problem and ho w you should solv e it will al ways save you time and 
frustration in the end.

What I have found that works best for me is to apply our six-
step  problem-solving technique. Then I carefully identify the areas 
where I ha ve dif ficulty solving the problem. Many times, my actual 
deficiencies are in my understanding and ability to use correctly certain 
mathematical principles. I then return to my fundamental math texts and 
carefully review the appropriate sections, and in some cases, work some 
example problems in that text. This brings me to another important thing 
you should always do: Keep nearby all your basic mathematics, science, 
and engineering textbooks.

This process of continually looking up material you thought you 
had acquired in earlier courses may seem v ery tedious at first; however, 
as your skills de velop and your kno wledge increases, this process will 
become easier and easier. On a personal note, it is this very process that 
led me from being a much less than a verage student to someone who 
could earn a Ph.D. and become a successful researcher.
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1.1  Introduction
Electric circuit theory and electromagnetic theory are the tw o funda -
mental theories upon which all branches of electrical engineering are 
built. Many branches of electrical engineering, such as po wer, electric 
machines, control, electronics, communications, and instrumentation, 
are based on electric circuit theory . Therefore, the basic electric circuit 
theory course is the most important course for an electrical engineering 
student, and al ways an e xcellent starting point for a be ginning student 
in electrical engineering education. Circuit theory is also v aluable to 
students specializing in other branches of the ph ysical sciences because 
circuits are a good model for the study of energy systems in general, and 
because of the applied mathematics, physics, and topology involved.

In electrical engineering, we are often interested in communicating 
or transferring energy from one point to another . To do this requires an 
interconnection of electrical devices. Such interconnection is referred to 
as an electric circuit, and each component of the circuit is kno wn as an 
element.

An electric circuit is an interconnection of electrical elements.

A simple electric circuit is sho wn in Fig. 1.1. It consists of three 
basic elements: a battery , a lamp, and connecting wires. Such a simple 
circuit can e xist by itself; it has se veral applications, such as a flash- 
light, a search light, and so forth.

A complicated real circuit is displayed in Fig. 1.2, representing the  
schematic diagram for a radio receiver. Although it seems complicated, 
this circuit can be analyzed using the techniques we co ver in this book. 
Our goal in this text is to learn various analytical techniques and  computer 
software applications for describing the behavior of a circuit like this.

Electric circuits are used in numerous electrical systems to accomplish  
different tasks. Our objecti ve in this book is not the study of  various uses 
and applications of circuits. Rather, our major concern is the analysis of the  
circuits. By the analysis of a circuit, we mean a study of the behavior of the 

Learning Objectives

By using the information and exercises in this chapter you will be 
able to:
1. Understand the different units with which engineers work.
2. Understand the relationship between charge and current and 

how to use both in a variety of applications.
3. Understand voltage and how it can be used in a variety of 

applications.
4. Develop an understanding of power and energy and their 

relationship with current and voltage.
5. Begin to understand the volt-amp characteristics of a variety of 

circuit elements.
6. Begin to understand an organized approach to problem solving 

and how it can be used to assist in your efforts to solve circuit 
problems.

+
–

Current

LampBattery

Figure 1.1
A simple electric circuit.
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circuit: How does it respond to a gi ven input? How do the interconnected 
elements and devices in the circuit interact?

We commence our study by defining some basic concepts. These 
concepts include char ge, current, v oltage, circuit elements, po wer, and 
energy. Before defining these concepts, we must first establish a system 
of units that we will use throughout the text.

1.2  Systems of Units
As electrical engineers, we must deal with measurable quantities. Our mea-
surements, ho wever, must be communicated in a standard language that  
virtually all professionals can understand, irrespecti ve of the country in 
which the measurement is conducted. Such an international measurement  
language is the International System of Units (SI), adopted by the General 
Conference on Weights and Measures in 1960. In this system, there are seven 
base units from which the units of all other ph ysical quantities can be de -
rived. Table 1.1 shows six base units and one derived unit (the coulomb) that 
are related to this text. SI units are commonly used in electrical engineering.

One great advantage of the SI unit is that it uses prefixes based on the 
power of 10 to relate larger and smaller units to the basic unit. Table 1.2 
shows the SI prefixes and their symbols. For example, the following are 
expressions of the same distance in meters (m):

600,000,000 mm   600,000 m   600 km

L1
C4

Antenna

C5Q2

R7

R2 R4 R6

R3 R5

C1

C3

C2

Electret
microphone

R1

+

–

+ 9 V (DC)

Q1

Figure 1.2
Electric circuit of a radio transmitter.

TABLE 1.1

Six basic SI units and one derived unit relevant to this text.

Quantity Basic unit Symbol

Length meter m
Mass kilogram kg
Time second s
Electric current ampere A
Thermodynamic temperature kelvin K
Luminous intensity candela cd
Charge coulomb C

TABLE 1.2

The SI prefixes.

Multiplier Prefix Symbol

1018 exa E
1015 peta P
1012 tera T
109 giga G
106 mega M
103 kilo k
102 hecto h
10 deka da
10−1 deci d
10−2 centi c
10−3 milli m
10−6 micro μ
10−9 nano n
10−12 pico p
10−15 femto f
10−18 atto a
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1.3  Charge and Current
The concept of electric charge is the underlying principle for explaining 
all electrical phenomena. Also, the most basic quantity in an electric cir-
cuit is the electric charge. We all experience the effect of electric charge 
when we try to remove our wool sweater and have it stick to our body or 
walk across a carpet and receive a shock.

Charge is an electrical property of the atomic particles of which matter 
consists, measured in coulombs (C).

We know from elementary physics that all matter is made of funda-
mental building blocks known as atoms and that each atom consists of 
electrons, protons, and neutrons. We also know that the char ge e on an 
electron is negative and equal in magnitude to 1.602 × 10−19 C, while a 
proton carries a positi ve charge of the same magnitude as the electron. 
The presence of equal numbers of protons and electrons leaves an atom 
neutrally charged.

The following points should be noted about electric charge:

1. The coulomb is a large unit for charges. In 1 C of charge, there are  
1∕(1.602 × 10−19) = 6.24 × 1018 electrons. Thus realistic or labora-
tory values of charges are on the order of pC, nC, or μC.1

2. According to e xperimental observ ations, the only char ges that 
occur in nature are inte gral multiples of the electronic char ge 
e = −1.602 × 10−19 C.

3. The law of conservation of charge states that charge can neither be 
created nor destroyed, only transferred. Thus, the algebraic sum of 
the electric charges in a system does not change.

We now consider the flow of electric char ges. A unique feature of 
electric charge or electricity is the f act that it is mobile; that is, it can 
be transferred from one place to another , where it can be con verted to 
another form of energy.

When a conducting wire (consisting of several atoms) is connected 
to a battery (a source of electromotive force), the charges are compelled 
to move; positive charges move in one direction while ne gative charges 
move in the opposite direction. This motion of char ges creates elec -
tric current. It is conventional to take the current flow as the movement 
of positive charges. That is, opposite to the flow of ne gative charges, 
as Fig.  1.3 illustrates. This con vention w as introduced by Benjamin 
Franklin (1706–1790), the American scientist and in ventor. Although 
we now know that current in metallic conductors is due to ne gatively 
charged electrons, we will follo w the uni versally accepted con vention 
that current is the net flow of positive charges. Thus,

Electric current is the time rate of change of charge, measured in 
amperes (A).

Mathematically, the relationship between current i, charge q, and time t is

 i   =    Δ        dq
 ___  

dt
    (1.1)

A convention is a standard way of 
 describing something so that others in 
the profession can understand what 
we mean. We will be using IEEE 
conventions throughout this book.

Battery

I
–

+ –

––
–

Figure 1.3
Electric current due to flow of electronic 
charge in a conductor.

1 However, a large power supply capacitor can store up to 0.5 C of charge.
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where current is measured in amperes (A), and

1 ampere = 1 coulomb/second

The charge transferred between time t0 and t is obtained by inte grating 
both sides of Eq. (1.1). We obtain

 Q   =    Δ       ∫
t0

  
t

  i dt   (1.2)

The way we define current as i in Eq. (1.1) suggests that current need not 
be a constant-valued function. As many of the examples and problems in 
this chapter and subsequent chapters suggest, there can be se veral types 
of current; that is, charge can vary with time in several ways.

There are different ways of looking at direct current and alternating 
current. The best definition is that there are two ways that current can 
flow: It can always flow in the same direction, where it does not reverse 
direction, in which case we have direct current (dc). These currents can 
be constant or time varying. If the current flows in both directions, then 
we have alternating current (ac).

A direct current (dc) flows only in one direction and can be constant 
or time varying.

By convention, we will use the symbol I to represent a constant current. 
If the current v aries with respect to time (either dc or ac) we will use 
the symbol i. A common use of this w ould be the output of a rectifier 
(dc) such as i(t) = ∣5 sin(377t)∣ amps or a sinusoidal current (ac) such as 
i(t) = 160 sin(377t) amps.

An alternating current (ac) is a current that changes direction with 
respect to time.

An example of alternating current (ac) is the current you use in your 
house to run the air conditioner , refrigerator , w ashing machine, and 
other electric appliances. Figure 1.4 depicts tw o common e xamples of 

Andre-Marie Ampere (1775–1836), a French mathematician and 
physicist, laid the foundation of electrodynamics. He defined the electric 
current and developed a way to measure it in the 1820s.

Born in Lyons, France, Ampere at age 12 mastered Latin in a few 
weeks, as he was intensely interested in mathematics and many of the 
best mathematical works were in Latin. He was a brilliant scientist and a 
prolific writer. He formulated the laws of electromagnetics. He in vented 
the electromagnet and the ammeter. The unit of electric current, the 
ampere, was named after him.

© Apic/Getty Images

Historical

I

0 t

(a)

(b)

i

t0

Figure 1.4
Two common types of current: (a) direct 
current (dc), (b) alternating current (ac).



8 Chapter 1  Basic Concepts

dc (coming from a battery) and ac (coming from your home outlets). We 
will consider other types later in the book.

Once we define current as the movement of charge, we expect cur-
rent to have an associated direction of flow. As mentioned earlier, the di-
rection of current flow is conventionally taken as the direction of positive 
charge movement. Based on this convention, a current of 5 A may be rep-
resented positively or negatively as shown in Fig. 1.5. In other w ords, a 
negative current of −5 A flowing in one direction as shown in Fig. 1.5(b) 
is the same as a current of +5 A flowing in the opposite direction.

5 A

(a)

–5 A

(b)

Figure 1.5
Conventional current flow: (a) positive 
current flow, (b) negative current flow.

Example 1.1 How much charge is represented by 4,600 electrons?

Solution:
Each electron has −1.602 × 10 −19 C. Hence 4,600 electrons will 
have −1.602 × 10−19 C/electron × 4,600 electrons = −7.369 × 10−16 C

Example 1.2 The total char ge entering a terminal is gi ven by q = 5 t sin 4 πt mC. 
Calculate the current at t = 0.5 s.

Solution:

i =    
dq

 ___ 
dt

    =    d __ 
dt

    (5t sin 4πt) mC/s = (5 sin 4πt + 20πt cos 4πt) mA

At t = 0.5,

i = 5 sin 2π + 10π cos 2π = 0 + 10π = 31.42 mA

Calculate the amount of charge represented by 6.667 billion protons.

Answer: 1.0681 × 10−9 C.

Practice Problem 1.1

If in Example 1.2, q = (10 − 10e−2t ) mC, find the current at t = 1.0 s.

Answer: 2.707 mA.

Practice Problem 1.2

Example 1.3 Determine the total charge entering a terminal between t = 1 s and  
t = 2 s if the current passing the terminal is i = (3t2 − t) A.

Solution:

Q = ∫
t = 1

  
2

  i   dt =   ∫
1

  
2

 (3t2 − t) dt  

=   ( t3 −   t
2
 __ 

2
   )    ∣ 

1
  

2
   =  (8 − 2)  −   ( 1 −   1 __ 

2
   )   = 5.5 C
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The current flowing through an element is

   i = {4 A,
  

   0 < t < 1
    

     4t2 A,
  

t > 1
   

Calculate the charge entering the element from t = 0 to t = 2 s.

Answer: 13.333 C.

Practice Problem 1.3

1.4  Voltage
As explained briefly in the previous section, to mo ve the electron in a 
conductor in a particular direction requires some w ork or energy trans-
fer. This work is performed by an e xternal electromotive force (emf), 
typically represented by the battery in Fig. 1.3. This emf is also kno wn 
as voltage or potential difference. The voltage vab between two points a 
and b in an electric circuit is the energy (or work) needed to move a unit 
charge from b to a; mathematically,

 vab   =   Δ       dw ___ 
dq

    (1.3)

where w is energy in joules (J) and q is charge in coulombs (C). The volt-
age vab or simply v is measured in volts (V), named in honor of the Italian 
physicist Alessandro Antonio Volta (1745–1827), who invented the first 
voltaic battery. From Eq. (1.3), it is evident that

1 volt = 1 joule/coulomb = 1 newton-meter/coulomb

Thus,

Voltage (or potential difference) is the energy required to move a 
unit charge from a reference point (−) to another point (+), measured in 
volts (V).

Figure 1.6 sho ws the v oltage across an element (represented by 
a rectangular block) connected to points a and b. The plus ( +) and 
minus (−) signs are used to define reference direction or voltage polarity. 
The vab can be interpreted in two ways: (1) Point a is at a potential of vab

volts higher than point b, or (2) the potential at point a with respect to 
point b is vab. It follows logically that in general

 vab = −vba (1.4)

For example, in Fig. 1.7, we ha ve two representations of the same v olt-
age. In Fig. 1.7(a), point a is +9 V above point b; in Fig. 1.7(b), point 
b is −9 V above point a. We may say that in Fig. 1.7(a), there is a 9-V 
voltage drop from a to b or equivalently a 9-V voltage rise from b to a. 
In other words, a voltage drop from a to b is equivalent to a voltage rise 
from b to a.

Current and voltage are the tw o basic variables in electric circuits. 
The common term signal is used for an electric quantity such as a current 
or a voltage (or even electromagnetic wave) when it is used for conveying 

a

b

vab

+

–

Figure 1.6
Polarity of voltage vab.

9 V

(a)

a

b

+

–

–9 V

(b)

a

b
+

–

Figure 1.7
Two equivalent representations of the 
same voltage vab: (a) Point a is 9 V above 
point b; (b) point b is −9 V above point a.




